We detected land displacements of Venice by Persistent Scatterer Interferometry using ERS and ENVISAT C-band and TerraSAR-X and COSMO-SkyMed X-band acquisitions over the periods 1992-2010 and 2008-2011, respectively. By reason of the larger observation period, the C-band sensors was used to quantify the long-term movements, i.e. the subsidence component primarily ascribed to natural processes. The high resolution X-band satellites reveal a high effectiveness to monitor short-time movements as those induced by human activities. Interpolation of the two datasets and removal of the C-band from the X-band map allows discriminating between the natural and anthropogenic components of the subsidence. A certain variability characterizes the natural subsidence (0.9 6 0.7 mm/yr), mainly because of the heterogeneous nature and age of the lagoon subsoil. The 2008 displacements show that man interventions are responsible for movements ranging from 210 to 2 mm/yr. These displacements are generally local and distributed along the margins of the city islands.
T he subsidence of Venice, one of the most beautiful and famous cities in the world, is well known not by reason of the magnitude of the ground movement but because it has seriously compromised the heritage and the safety of the city in relation of its small elevation above the sea. Depending on the time span considered, different rates of the geological subsidence of the Venice area, generally ranging from 0.6 to 1.6 mm/yr, have been assessed by various authors [1] [2] [3] [4] [5] [6] [7] [8] using sediment core data and archaeological remains. During historical time, the loss in elevation of Venice was particularly severe in the last century, , 25 cm, i.e. 15 cm of subsidence mainly due to groundwater pumping in the nearby industrial area and 10 cm of eustacy. Subsidence and eustacy has both contributed to the loss of land elevation with respect to the mean sea level (or relative sea level rise, RSLR). Its quantification in Venice was obtained through various methodologies and not uniquely quantified [9] [10] [11] [12] [13] . Considering the IPCC (International Panel on Climate Changes) mid-range A1B scenario and the recent land subsidence, the RSLR is expected to range between 17 and 53 cm by 2100 12 . This means that the ground elevation of the historical center, which emerges only 90 cm above the mean sea, will be drastically reduced and consequently the frequency of ''acqua alta'' events, i.e. tides higher than 110 cm, will increase from the nowadays 4 times per year to a range between 20 and 250 12 . In order to protect the city and its lagoon environment from increased flooding, the multi-billion euro MOSE project is under construction since early 2000s. It consists of rows of mobile gates that will close the inlets connecting the lagoon to the Adriatic Sea when tide events higher than 110 cm are predicted. Large new structures have been already built and inlet jetties reshaped. Some works are located only 4 km far from the eastern tip of Venice.
During the last two decades, satellites instrumented with SAR (Synthetic Aperture Radar) sensors provided excellent data for detecting land displacements by interferometric processing. The use of this methodology opens new possibilities for a more accurate interpretation of the land subsidence. The first SAR analysis on Venice was carried out by DInSAR (Differential Interferometric SAR) and provided thousands of measurements much more than the few hundred benchmarks previously used by leveling 14 . More recently the application of Persistent Scatterer Interferometry (PSI) 15, 16 on C-band satellites has remarkably increased the number of measurable targets, achieving accuracies comparable to that of leveling and permanent GPS. PSI has progressively reduced the use of in-situ traditional techniques to the calibration of the SAR-based methodologies [17] [18] [19] . An accurate quantification of the relative and differential movements of single churches, palaces, bridges has become possible with the launch of the new generation X-band sensors characterized by a higher spatial resolution and a shorter revisiting time than C-band. For instance at Venice, the settlement of the MOSE coastal infrastructures, locally up to 270 mm/yr, does not affect the historical center [20] [21] [22] .
Although the effect of groundwater pumping ended a few decades ago, a reliable and detail knowledge of the land subsidence affecting the historical center is even more important today due to the city vulnerability continuously increased over the years.
This work is aimed at distinguishing between natural land subsidence and movements induced by anthropogenic activities at Venice using the long-and short-term displacements of the historical center obtained by PSI on C-and X-band images, respectively. PSI provides the cumulative land displacements (natural plus anthropogenic) of the investigated area independently of the radar band. The natural subsidence rate depends on the reference period and, due to the present elevation of Venice with respect to the sea level, it is much more interesting to evaluate the natural displacement over the last few decades, i.e. the present natural land subsidence, than that averaged over geological periods. Concerning anthropogenic land subsidence the contribution due to activities characterized by large scale and long term effects, e.g., that caused by groundwater withdrawals, ended a few decades ago 12, 18 . Today, the anthropogenic component of the land subsidence is only due to local, short-time interventions such as restoration works and inherent deformations of historical structures.
Based on these considerations the PSI outcomes are processed to distinguish between the two components of the present land subsidence of Venice. The longest time analysis (C-band dataset) are reasonably used for quantifying the natural component and the shortest analysis (X-band dataset) for highlighting the anthropogenic displacements. The higher pixel resolution of the X-band data enhances the detection of small-scale movements.
Results
Twenty years of C-band SAR acquisitions, i.e. 1992-2002 for ERS and 2003-2010 for ENVISAT, provided a detailed image of land subsidence at the Venice coastland. The results highlight an almost stable (61 mm/yr) area encompassing the cities of Treviso, Venice and Chioggia and a zone with significant sinking rates (3-6 mm/yr) in the northern coastland. A large variability (from 24 to 1 mm/yr) characterizes the southern coastland (Fig. 1) .
Focusing on the historical center of Venice, the displacement pictures of the city over the two consecutive periods covered by C-band images are comparable and characterized by a small variability ( Fig. 2a and b) . The mean subsidence rate and the standard deviation amount to 0.8 6 0.7 and 1.0 6 0.7 mm/yr with ERS and ENVISAT, respectively. Note that the standard deviations are representative of the ground motion variability at the whole city scale and not related to the uncertainty of the velocity of the radar reflectors (i.e. measurement accuracy). On the average the Cband measurements show that about 80-85% of the city displacements range between 0 and 21.5 mm/yr and 15% from 21.5 to 23 mm/yr. Taking into account that PSI requires a coherent target response in the whole image dataset, i.e. a radar reflector must rest on the soil over the entire monitoring period and cannot experienced abrupt movements to be measurable 23, 24 , this long-term map can be www.nature.com/scientificreports interpreted as a reliable picture of the natural subsidence that is presently affecting Venice.
The very high spatial resolution of the X-band satellites and their short revisiting time makes it possible to investigate urban settlements with a level of detail never obtained in the past. Although the number of available TerraSAR-X and COSMO-SkyMed scenes is equivalent, they cover 11 months (from March 2008 to January 2009 for TerraSAR-X) and 35 months (form September 2008 to July 2011 for Cosmo-SkyMed), with different sampling rates. The PSI outcomes ( Fig. 2c and d) show a density of the detected scatters one order of magnitude larger than that obtained by the C-band sensors. The statistical analysis of the displacement distributions points out that the average rates are almost equal with the two satellites, i.e. 21.0 mm/yr with TerraSAR-X and 21.1 with COSMO-SkyMed, and also quite similar to those detected by C-band satellites. The standard deviation is characterized by significant larger values equal to 1.6 and 1.0 mm/yr with TerraSAR-X and COSMO-SkyMed, respectively. The frequency distribution of the measured displacements shows that 50% and 60% of the radar reflectors are characterized by a movement between 0 and 21.5 mm/yr for TerraSAR-X and COSMO-SkyMed, respectively, and 25% range from 21.5 and 23.0 mm/yr for both the X-band sensors.
The higher variability of the displacements obtained by the Xband scenes, in particular TerraSAR-X, is an added value of the short-term analysis combined with the satellite characteristics, i.e. a small revisiting time and the 2-m pixel spacing. As C-and X-band analyses show similar rates of the average displacement, i.e. the natural component of the subsidence, it is reasonable to assume that the difference between the movements provided by ERS/ENVISAT and TerraSAR-X/COSMO-SkyMed is likely representative of the effects caused by anthropogenic activities.
This hypothesis is supported by a proper processing of the two Cand X-band measurements. The two datasets are interpolated by the Kriging method on the same regular grid covering the whole city. The grid spacing, fixed at 50 m, has been appropriately tuned to simultaneously: -filter out the outlier values provided by the C-band analysis; these outliers are referred to a few (,5%) unstable targets, generally due to human effects, scattered within the majority of the solution representing the natural processes; -keep the heterogeneity of the displacements detected by the Xband investigation.
Finally the quantification of man-induced displacements is obtained by removing the C-band interpolated map from the X-band interpolated solution. This procedure has been applied to the 1992-2010 mean velocities provided by ERS/ENVISAT (Fig. 3a) and to 2008 TerraSAR-X results (Fig. 3b) . This latter has been preferred to COSMO-SkyMed because of i) the higher ratio between the number of available images and the acquisition period, ii) the shorter acquisition period and its fall within the monitoring interval covered by the C-band images, and iii) the better quality of the PSI outcome due to the variability (from 16
The comparison between the two maps obtained by interpolating the PSI results points out the uniformity (in the range between 0 and 21 mm/yr) of the long-term displacement rates (Fig. 3a) and the large variability of the short-term movements (Fig. 3b) that are superposed to a background velocity similar to that given by ERS/ ENVISAT (Fig. 3a) . The map of the differences (Fig. 3c) shows that most of the city is subsiding only due to natural components. However, about 25% of city has experienced in 2008 some movements due to anthropogenic causes. Generally, the man-induced activities contribute to a subsidence larger than the natural (15%) but there are some areas (10%) where the short-term sinking is smaller than the long-term subsidence.
Discussion
Venice is no more subsiding due to groundwater pumping. However, the peculiarly of the city position, located above about 1000 m thick Quaternary deposits, and the structure of the historical center, which is funded by wooden piles established on sand-clay layers and artificial reclamations of tidal flats and channels, require to continue the monitoring of the city displacements. The use of C-and X-band sensors has allowed quantifying the natural and man-induced components of the present land subsidence.
The ''present natural'' subsidence rate of the ''historical center of Venice'' averages 0.8-1.0 mm/yr consistently with the ''geological'' subsidence of the ''Venice area'' of , 1.3 mm/yr 2, 5 and , 0.6 mm/yr 25 . However, because geological subsidence was estimated at least at Kyr scale, it is not representative of the present natural subsidence of the entire city. Local zones and restricted portions are subsiding at faster rates, i.e. 1-3 mm/yr, due the heterogeneous nature of the shallow subsoil, i.e. natural or landfill (Fig. 4a) , growth of the city (Fig. 4b) , and different depth of foundation and load of the historical palaces. An even more large variability of the present natural subsidence has been recently detected in the nearby Po River delta 26 . In particular, the occurrence of buried sandy levees of channel systems (perhaps the primeval Canal Grande 27 ) well corresponds with the sectors of the city characterized by smaller settlements. Conversely, zones established on more compressible silty and clayey alluvial and tidal plain deposits sink at higher rates (Fig. 4a) . Also the age of the landfills, i.e. the growth of the primeval island of Venice and the buildup of historical center, is correlated with the subsidence variability 14 . The city developed over ancient well-consolidated sandy islands during the first millennium, and the following expansions were done by reclaiming and filling parts of the lagoon tidal flats and channels (Fig. 4b) . The older part of the city, which generally corresponds with the city extension before 1500, shows lower sinking rates or quite stable sectors.
The present anthropogenic displacements occur at very local scale and are heterogeneously distributed with values ranging from 210 and 2 mm/yr in 2008. They are caused by conservation and reconstruction processes to preserve the building heritage (Fig. 5) together with urban maintenance activities such as restoring the embankment walls to guarantee the stability of the canal edges. Moreover, because the sinking zones are generally concentrated along the main channels bounding and crossing the city (Fig. 3c) , waves induced by the intensive boat and ship traffic likely contribute by waking and eroding the fragile masonry canal banks and the building foundations 28 . Geotechnical applications such as micropiles, anchors, jet grouting aimed at improving the subsoil characteristics are likely responsible for the greater stability locally observed in some portions of the city as of 2008 (Fig. 3c) .
The following conclusions are worth summarizing: a) the combined use of long-term C-band and short-term X-band SAR investigations offers a unique opportunity to discriminate between natural and anthropogenic land subsidence; b) the present average natural subsidence of Venice has been quantified in 0.8-1.0 mm/yr, a value which is in agreement with the average rate calculated for the geological subsidence at Kyr scale. Moreover, a certain variability has been detected and correlated with the characteristics of the shallow subsoil and the growth of the historical center; c) Venice is still experiencing land subsidence due to human activities, mainly restoration works. However this component affects the city at very local scale for short time intervals with rates up to 10 mm/yr.
Methods
The Interferometric Point Target Analysis (IPTA) 16, 29 , a Persistent Scatterer Interferometry (PSI) 15 implementation chain, is applied on stripmap images acquired by C-band (ERS, ENVISAT) and X-band (TerraSAR-X, COSMO-SkyMed) satellites.
IPTA combines data from SAR images acquired from repeat track orbits to exploit the phase differences of the radar signals that are related only to surface displacement occurring between the image acquisitions. IPTA systematically removes the contribution of surface topography to the interferometric phase and mitigates the variability in the tropospheric path delay by utilizing differences in the spatial and temporal characteristics of the phase due to deformation and atmosphere. IPTA-derived deformation measurements are interpreted for a number of point radar-bright and radar-phase-stable targets (PTs) that are coherent over the entire time interval and cover the monitored area as a sparse ''natural'' benchmark net 29 . C-band and X-band sensors have different features and are characterized by different revisiting time (Tab. 1). The images covering the study area were acquired regularly by the two C-band satellites and TerraSAR-X. A very variable time interval between two consecutive images characterizes the COSMO-SkyMed acquisitions, up to 144 days from February 23, 2011, and 3 July 17, 2011.
The selection of candidate point targets is based on a temporal mean-to-standard deviation ratio of the co-registered SAR intensity images 29,20 above 1.4 for ERS, 1.25 for ENVISAT, 1.6 for TerraSAR-X, and 1.4 for COSMO-SkyMed and a spectral correlation averaged over the single look complex stack of more than 0.5 for both ERS and ENVISAT and of more than 0.4 for both TerraSAR-X and COSMO-SkyMed. Interferometric processing is performed on an ellipsoidal model without any digital elevation model, because the area is flat. An initial two-dimensional linear regression is applied on the candidate point targets to solve simultaneously for the height and deformation rate of a point relative to another point after solving the 2p phase ambiguity in the temporal domain. Only pairs of points with a regression standard deviation of less than 1.0 rad for ERS, 1.2 rad for ENVISAT, 0.65 rad for TerraSAR-X and 0.9 for COSMO-SkyMed are retained. Neighboring patches of the dimension of a couple of kilometers for ERS and ENVISAT, and a few hundreds of meters for TerraSAR-X and COSMO-SkyMed, respectively, are iteratively considered. After differential interferometry, phase unwrapping errors are corrected on the spatial domain using a minimum cost-flow algorithm for sparse data 30 . Then, with consideration of the initial height and deformation estimates, the residual phase images containing the atmospheric phase, nonlinear deformation, and error terms, are interpolated to the initial list of point targets and the two-dimensional linear regression with respect to height and deformation rate is performed again with respect to reference points near the Rialto Bridge. This iteration is repeated various times in order to include as many points as possible, because the quality of potential additional points can be evaluated more reliably if the improved model for the validated points is available. At the last stage, points with a regression standard deviation of less than 1.1 rad for ERS, 1.2 rad for ENVISAT, 1.3 rad for TerraSAR-X and 1.0 rad for COSMO-SkyMed are considered. The discrimination of atmospheric phase, nonlinear deformation, and error terms is based on their differing spatial and temporal dependencies 17 . The atmospheric path delay is assumed to be correlated on a spatial window of about 500 m size but independent from pass to pass. The nonlinear deformation is assumed in general to be spatially high-pass and temporally low-pass, with use of a 90 days filter for TerraSAR-X and of a 1000 days filter for ERS, ENVISAT and COSMO-SkyMed. The phase noise is random in both spatial and temporal dimensions. In order to correct the so-called flattening problem, i.e. the slight phase tilt resulting by the inaccuracy in estimation of the orbital baseline due to the not perfect knowledge of the satellite positions 18, 19, [31] [32] [33] , IPTA results have been calibrated using leveling and permanent GPS stations (CGPS) 31, 34 (Fig. 6 ). IPTA provides land displacements along the line-of-sight (LOS) between the satellite and the targets. Due to the small incidence angle, LOS is less sensitive to the horizontal components. Thus the difference between the LOS and the vertical components of the movement (about 8% for ERS and ENVISAT and 13-18% for TerraSAR-X and COSMO-SkyMed) is neglected. Moreover, the occurrence of an E-W displacement, for example because of the tectonic deformation, would affect the SAR interferometry measurement. However, the network of the CGPS stations established by the Venice Water Authority and ASI ( Fig. 1) 
